(MCM) limonene mechanism) were compared, and many non-listed species were identified.
Introduction

27
Oxidation of gas-phase organic species contribute significantly to particle formation and 28 growth (Hallquist et al., 2009; Smith et al., 2008; Wehner et al., 2005) , and thus a thorough 29 understanding of secondary organic aerosol (SOA) formation mechanisms is important for the 30 accurate estimation of its impact on the climate system (Kanakidou et al., 2005) .
31
Secondary organic aerosols form primarily via the photooxidation of volatile organic compounds 32 (VOCs), yielding less volatile products, which can then partition into the condensed phase 33 (Hallquist et al., 2009; Kroll and Seinfeld, 2008) , especially when pre-existing aerosols (e.g.,
34
inorganic seed particles) are present (Kroll et al., 2007) . The products resulting from atmospheric 35 oxidation may be classified as low volatility, semi-volatile, and intermediate volatility OCs, i.e., 36 LVOCs, SVOCs, and IVOCs, respectively (Donahue et al., 2012; Jimenez et al., 2006; Murphy et 37 al., 2014) . In addition, extremely low volatility OCs (i.e., ELVOCs) contribute significantly to 38 aerosol formation and early growth (Ehn et al., 2014; Jokinen et al., 2015 (Cao and Jang, 2008; Hallquist et al., 2009; Kanakidou et al., 2005; Kroll and Seinfeld, 2008) .
41
Although less studied than the photo-oxidation of VOCs, the reaction of VOCs with the nitrate 42 radical (NO 3 • ) and the resulting formation of organic nitrates are also important, especially for 43 nocturnal chemistry (Brown and Stutz, 2012; Perring et al., 2013; Roberts, 1990 ). Significant 44 concentrations of these nitrates have been detected in the gas and condensed phases in both field 45 and laboratory studies (Ayres et al., 2015; Beaver et al., 2012; Bruns et al., 2010; Lee et al., 2016;  46 Paulot et al., 2009; Rindelaub et al., 2014 , Rollins et al., 2012 .
47
Organic nitrates (RONO 2 ) and organic peroxy nitrates (RO 2 NO 2 ), such as peroxy acetyl 48 nitrate (PAN), may also form in the atmosphere (Roberts, 1990; Singh and Hanst, 1981; Temple 49 and Taylor, 1983 Secondary organic aerosol-precursor VOCs arise mainly from the emission and reaction of 59 biogenic VOCs (BVOCs) (M. Hallquist et al., 2009) , with up to 90% of the global VOC budget 60 originating from biogenic sources (Glasius and Goldstein, 2016; Guenther et al., 1995 (Atkinson et al., 1995; Hallquist et al., 2009 ). However, 63 monoterpenes typically have higher SOA yields than isoprene (Carlton et al., 2009; Presto et al., 64 2005b) and regarding atmospheric emissions, α-pinene, β-pinene, and limonene constitute the Youssefi and Waring, 2014; Zhang et al., 2006) . NO 3 • oxidation of limonene and the resulting 75 organic nitrates that may contribute to SOA formation have, however, rarely been investigated 76 (Fry et al., 2011 (Fry et al., , 2014 Hallquist et al., 1999; Spittler et al., 2006) . In relation to the reaction with 77 NO 3
• , major non-nitrate products of limonene (including endolim) have been identified, but 78 significant SOA formation was preceded by the occurrence of multiple unidentified nitrates 79 (Hallquist et al., 1999; Spittler et al., 2006) . Moreover, although mechanistic models and 80 molecular identities of these products have been proposed, direct measurement and identification
81
thereof have yet to be reported. Further elucidation of the mechanisms governing and products 82 generated by the reactions of limonene and NO 3 • are warranted, since organic nitrates from
83
BVOCs (including limonene) have been consistently observed in field studies (Ayres et al., 2015; 84 Beaver et al., 2012; Lee et al., 2016 Lee et al., , 2014b Perring et al., 2009 ).
85
Additionally, the contribution of low-volatility products to the SOA mass may increase 86 with the formation of dimers from aerosol components generated by VOC oxidation. Numerous 87 dimers or oligomers have been found in SOA generated by monoterpene species (e.g.
88
Emanuelsson Kourtchev et al., 2014 Kourtchev et al., , 2016 Kristensen et al., 2016; Müller et al., 89 2007; Tolocka et al., 2004) . However, the speciation of observed dimers and oligomers from 90 organic nitrates, especially with respect to detailed formation mechanisms, has rarely been 91 reported.
92
Here we report the chemical composition of low-volatility gas and aerosol-phase species, formation via monoterpene ozonolysis (Emanuelsson et al., 2013; Jonsson et al., 2008a Jonsson et al., , 2008b ,
108
its volatility properties (Pathak et al., 2012) , and dimer formation during the ozonolysis of α-109 pinene (Kristensen et al., 2016 cycles -1 h of gas-phase sampling and simultaneous particle collection, followed by a 1-h period 141 where the filter was shifted into position over the IMR inlet and the collected SOA was desorbed.
142
Desorption was facilitated by a 2 LPM flow of heated UHP N 2 over the filter. 
167
Experiments were performed over a range (1.0-113) of N 2 O 5 /limonene ratios (see Table 1 168 for a summary of experimental conditions). For each set of conditions in the flow reactor,
169
sampling was performed over a period of 6-12 h to ensure stability of conditions (e.g., gas-phase 170 signals, total SOA mass) and repeatability of the FIGAERO thermal-desorption cycles. (Saunders et al., 2003) and the corresponding theoretical product distribution was compared with 
189
The high-resolution ion data was further analyzed with Python 3.5.2 using the pandas to the peak signal of each ion observed during the desorption of SOA particles was identified.
194
Furthermore, a secondary temperature (T max,2 ) was identified when double-peak behavior was 
Cluster-analysis methods
197
Cluster analysis, performed via the K-Means algorithm (scikit-learn machine learning : sample (e.g., carbon number, oxygen 206 number, T max ) in a set of n samples, c (j) : cluster center of cluster j in a set of k clusters, and w (i,j) :
209
The quality of the cluster separation was assessed through a silhouette score (Rousseeuw, 210 1987), which allows comparison of the intra-cluster and inter-cluster distances and, for a sample 211 i, is determined from: Products in both the gas and condensed phases were identified by analyzing HR-ToF-
231
CIMS data collected under various experimental conditions ( regions indicates a prevalence of lower-mass monomer species and higher-mass dimer species.
240
These results are analogous to those of previous ozonolysis studies, where highly oxygenated 241 multifunctional (HOM) molecules from monoterpene oxidation were observed using a nitrate 52-ion set consisted of 28 monomers (C = 7-10) and 24 dimers or oligomers (C = 11-20 The first, i.e., lower-mass region, of the two mass-spectra regions (see Fig. 2 particulate organic nitrates containing 6-8 oxygen atoms (Lee et al., 2016) . In that work, these 295 species constituted 3% and 8% of sub-µm aerosol mass during daytime and nighttime hours, 
313
The contributions of the 11 most prevalent ion families to the total desorbed organic 314 signal are summarized in 
Characterization of identified ions via thermal properties
323
The desorption data is characterized by the frequent occurrence of multiple peaks detected, the desorption temperature corresponding to the maximum signal was identified.
341
Furthermore, the average desorption temperature of the monomer species was typically lower 342 than that of their dimer counterparts, which are less volatile. Higher masses (than those 343 associated with the monomer species) were typically desorbed from the FIGAERO filter at higher 
353
As shown in Fig. 3 However, the occurrence of high-temperature desorbing monomer outliers (described previously) 388 and the double-peak behavior exhibited by several monomers rendered the mass-and 389 temperature-based grouping of these ions difficult. To address this issue, duplicate entries, 390 corresponding to T max and T max,2 , were assigned to all ions exhibiting double-peak behavior, 391 allowing the clear separation and analysis of low-mass ions desorbing at temperatures >120C. individual cluster members based on oxidation states and #C (Fig. 5b) , and the mean MW, T max ,
406
O/C, and oxidation state of each cluster (Fig. 5c ) are also shown. Table 2 , monomer families m2, m3, and m4 reside exclusively in cluster 2, 429 whereas m5 and m7 reside exclusively in cluster 1. Family members of m1 and m6 were split Table 2 occurred in clusters 0, 1 or 2.
433
A positive correlation between the average O/C ratios and T max values was obtained for 434 monomer (clusters 1 and 2) and dimer (clusters 3 and 4) groupings, with more highly oxygenated 435 species desorbing at higher temperatures than their less-oxygenated counterparts. This is also 436 reflected in the overall oxidation state of the clusters (2×O/C -H/C -5×N/C). However, this trend 437 is observed for only a certain range of masses, as lower MW species had (in general) higher O/C 438 ratios than the dimers. This observation provides some insight into the processes of dimerization 439 that are occurring, indicating the extent to which oxygen is lost during the dimerization process. 
Mechanisms of dimerization
441
Based on the behavior observed in the thermograms for species measured from the 442 limonene SOA in this study, a mechanism of dimer formation, presumably occurring in the 
469
The fragmentation of dimers may also proceed through multiple channels, thereby 7.2 and 37.4  7.3%, respectively, of the particle-phase organic signal detected by the I-CIMS. K. E., Pusede, S. E., Wooldridge, P. J., Schade, G. W., Park, C., Cohen, R. C., and Wennberg, P. 
549
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